The Notch signaling pathway plays crucial roles in regulation of cell proliferation, differentiation and cell fate decision in multiple tissues and cell types. This study was designed to test the effects of enhanced Notch activity on corneal epithelium homeostasis and wound healing using the transgenic mice that overexpressed an activated Notch1 (NICD) in cornea epithelium.
Corneal epithelium covers the surface of the anterior eye to protect it from various environmental injuries including physical and chemical insults, and microbial infection. Coping with this specific need, corneal epithelium adapts continuous self renewal ability and fast wound healing response. The well coordinated cell proliferation, migration, differentiation, and cell death are required to maintain both epithelium renewal and wound healing. Five hours after central epithelial wounding, epithelial cells at the wound edge begin to slide horizontally to cover the denuded surface [1] . The cells near the wound edge are mitotic inactive and they migrate from the peripheral area where the cells actively proliferate to continuously provide the demanded epithelial cells until normal epithelium is restored at the wound area. The cells that have migrated to the wound area differentiate properly to form tight junction and reestablish the barrier function. A 1.5 mm epithelial debridement can be healed in 24 h. A prompt recovery from the corneal wound is critical to maintain the cornea barrier that is essential for appropriate vision. Several signaling pathways and growth factors are involved in regulation of corneal epithelial homeostasis and wound healing [2] . However, the precise molecular mechanisms are still not fully understood.
Notch signaling is a key pathway in regulation of cell proliferation, differentiation, and death in multiple tissues and cell types. The Notch family consists of four transmembrane receptor members, specifically Notch1, 2, 3, and 4; there are five ligands for Notch family: Jagged1, Jagged2, Delta1, Delta3, and Delta4 [3] . When engaged with the ligand, Notch releases Notch intracellular domain (NICD). The released NICDs bind to recombination signal binding protein for immunoglobulin kappa J region (Rbpj) in the nuclei and directly regulate expression of multiple downstream targets in a tissue and cell specific manner [3] . Notch signaling is important to maintain the corneal homeostasis. Both Notch1 and Notch2 were detected in the human corneal suprabasal epithelial cell layers, whereas the ligands Delta1 and Jagged1 were observed throughout the corneal epithelium [4] . Active NICD was also detected in the basal and early suprabasal layers in the cornea epithelium, and the increase in Notch activity enhanced corneal epithelial cell proliferation in vitro [5] . Notch1 is required to maintain the corneal epithelial cell fate during wound healing [6] . As a major transcription target gene of Notch signaling, hairy and enhancer of split 1 (Hes1) is also critical for corneal development and Hes1 deficient mice show abnormal cell junction and cell differentiation, and decreased cell proliferation [7] .
Notch signaling plays an important role in the regulation of corneal epithelium homeostasis and wound healing response. However, the regulation and function of notch signaling in corneal epithelium in vivo are still not fully characterized. In the current report, the transgenic mice that express an activated NICD in cornea epithelium were used to examine its effects on corneal epithelium homeostasis and wound healing. and wild type (WT) mice at the ages of 6-10 weeks were selected and anesthetized with an intraperitoneal injection of ketamine (50 mg/kg) and xylazine (5 mg/kg). After a few drops of 0.5% topical proparacaine were applied, the central epithelium, excluding the limbal area, was demarcated with a 1.5-mm-diameter biopsy punch and removed by gently scraping with a blade [10] . This type of wound only removes the epithelium and leaves the basement membrane intact. The epithelial wound was monitored right after injury with the fluorescein staining. Corneal surface integrity was examined and photographed with a slit lamp biomicroscope equipped with a cobalt blue light, after a 2-min surface staining with 2 μl of 0.5% fluorescein sodium salt and intense washout of the extra fluorescein with 1 ml PBS. The wound-healing process after 6, 12, 18, and 24 h was further monitored and recorded using the fluorescein staining method described earlier, after which the animals were euthanized, and the eyes were collected for either immunohistochemistry or isolation of RNA and protein from the corneas. The wound areas were measured in Portable Document Format (PDF) files using the measure tool and expressed in square millimeters (mm 2 ). To avoid bias, genotyping of WT and transgenic mice were masked during the wounding experiments, image taking, and wound-area measurements.
METHODS
In addition, we monitored the wounding area by Richardson's staining to reveal exposed basement membrane. At 0, 18, and 24 h after epithelium debridement, eyes with wounded cornea in K14-cre
/NICD
+ and K14-cre +/− mice were fixed in 4% paraformaldehyde (PFA) for 2 h. Four eyes were used for each time point. Whole eyes were stained with Richardson's solution (equal mixture of 1% azure II and 1% methylene blue/1% borax dissolved in 100 ml autoclaved water) to reveal exposed cornea basement membrane. Then corneas were removed and photographed with a digital camera connected to a dissecting microscope. The results are presented as average±SD and a value of p<0.05 was considered to be statistically significant. Tissue collection: Corneas for RNA or protein preparation were dissected from WT, K14-cre
, and the K14-cre
+ mice under a dissecting microscope. For cell proliferation assay and immunohistochemistry, whole eyes were dissected 2 h after 5-bromo-2'-deoxyuridine (BrdU; 150 mg/kg bodyweight) injection and fixed in 4% PFA at 4 °C for 24 h and followed by routine paraffin-embedding and sectioning procedure. The sections were cut serially at 5 μm.
Immunohistochemical analysis: Sagittal eye sections (5 μm) were treated with antigen retrieval procedure by boiling in 10 mM Tris-ethylendiaminetetraacetic acid (EDTA) buffer (for 1 liter: 1.2 g Tris and 0.37 g EDTA, the solution was about pH 9) for 30 min, and then slowly cooled down in the same heating buffer at room temperature. After blocking with the blocking buffer (1× PBS, 0.2% Triton X-100, 5% normal serum), the slides were incubated with primary antibody in the blocking buffer for 1 h at room temperature; followed by three washes with PBS, 10 min each; and then by a 30 min incubation with appropriate secondary antibodies. 
Gene
Primer sequence Notch1
MAS 250c; Harlan-Sera Lab, Belton Loughborough, Leicestershire, England), and rabbit anti-zonula occludens-1 (ZO-1; 1:600, Cat # 61-7300; Zymed Laboratories Inc., San Francisco, CA Table 1 and described previously [11] .
RESULTS

NICD transgene expression in corneal epithelium does not affect the corneal homeostasis:
The Notch signaling pathway is critically involved in cell fate decisions during the development of many tissues and organs. To analyze the effect of NICD overexpression on corneal epithelium homeostasis and wound healing, we generated the transgenic mice with cornea epithelium-specific expression of NICD cDNA by breeding the previously described K14-cre 
/NICD
+ pups showed severe skin blistering in the limb area, however, the pups appeared healthy after the first week. The skin blistering in NICD1 transgenic mice was caused by the loss of integrin expression and consequently, the loss of hemidesmosomes due to NICD induction, as described previously [12] . In addition, the NICD1 transgenic mice showed various proliferation and differentiation defects in the epidermis [12] . Surprisingly, a normal corneal morphogenesis in the transgenic mice at 2 and 4 months old was observed by the hematoxylin and eosin (H&E) staining of paraffin-embedded 
NICD expression promotes corneal epithelial wound healing:
The process of cell proliferation, differentiation, and migration during corneal wound healing response is highly coordinated and precisely controlled, and Notch plays a role in those events. We therefore examined the effect of ectopic expression of NICD on the corneal epithelial debridement wound healing. Mice at 2 months of age were wounded by a corneal debridement procedure. A 1.5-mm diameter circle at the central epithelium, excluding the limbal region, was removed. The corneal surface wound was then observed and monitored by fluorescein dye. Based on the measurement of fluorescein stained area at 18 h and 24 h after injury, we found that overexpression of NICD in corneal epithelium promoted wound healing process ( Figure 3A,B) . Eighteen hours post injury, the wound area was significantly reduced in the K14- Figure 3A ,B).
We further confirmed the results with a better staining technique, Richardson's staining, to quantify the healing rate at 18 h and 24 h after injury. After the removal of central cornea epithelium demarcated with a 1.5 mm biopsy punch, the initial wound areas in wild type control mice (1.71 mm 2 ) and NICD transgenic mice (1.70 mm 2 ) were similarly produced as determined by the Richardson's stained cornea ( Figure 3C,D) . However, the remaining wound area at 18 h after wounding in NICD transgenic corneas was significantly less than in controls (0.036 mm 2 [n=4] versus 0.612 mm 2 [n=4]; p<0.005; Figure 3C,D) . At 24 h after debridement, the wounds were completely healed in NICD transgenic mice, while the wound areas were still present at the wounding site in WT cornea (0 mm 
NICD overexpression alters the kinetics of corneal epithelial proliferation in response to wounding:
To further dissect the cellular mechanisms underlying the promotion of corneal epithelial debridement wound healing by active nuclear NICD, we first examined the dynamics of cell proliferation in response to epithelial debridement wounding, using BrdU labeling and immunostaining quantification. The incorporated BrdU was primarily localized in the basal corneal cell layer. After wounding, the BrdU positive cells were gradually increased in a time window of 12 to 18 h post surgery in the WT corneal epithelium ( Figure 4A) . However, the kinetics of cell proliferation in the transgenic corneal epithelium was dramatically shifted, with a rapid increase in the number of BrdU labeled cells in the period of 6 to 12 h after wounding, as compared to the WT control ( Figure 4A ). The average number of BrdU-positive cells in a fixed length of transgenic cornea epithelium on 5 μm sagittal corneal sections was doubled to that of the WT controls during the same period following injury (Figure 4) . However, by 18 h after wounding, fewer BrdU-labeled cells were observed in the NICD transgenic mice than in the WT animals. Such proliferation kinetic patterns were also observed in the limbal areas. Those data suggest that active Notch promotes rapid cell proliferative response. Notch1 expression and its activity in WT mice are upregulated after wounding, correlating with proliferation induction: The results shown above suggest that increased Notch activity can promote cell proliferation in the wound healing response. To further correlate corneal epithelial cell proliferation initiated by wounding in normal mice with expression and activity of Notch, we examined mRNA levels for Notch1, Hes1, and Hey1 during the process of wound healing. Corneas from WT mice at 0, 3, 6, 12, 18, or 24 h after debridement were used for RNA isolation and qPCR quantification. No significant change was observed in the mRNA levels of Notch1, Hes1, and Hey1 at the time points of 0, 3, 6 or 12 h after debridement. However, by 18 to 24 h after injury, Notch1, Hes1, and Hey1 mRNAs were significantly increased as shown by real time qPCR assays ( Figure 5 ). The induced Notch activity ( Figure 5 ) was correlated to the BrdU incorporation pattern with the peak cell proliferation response starting at 18 h after injury (Figure 4 ). These observations support the hypothesis that an increased Notch activity during wound healing process contributes to corneal epithelial proliferation response.
DISCUSSION
Corneal integrity is critical for normal vision. The cornea epithelium, located on the anterior eye, is constantly exposed to chemical and physical insults. A rapid and efficient healing from those environmental damages is necessary to maintain a normal vision; this healing process is precisely coordinated by a serial of highly controlled events, such as cell migration, proliferation, and differentiation, which are mediated through several growth factors and molecular signaling pathways. In the current investigation, we showed that the Notch signaling pathway was important for modulation of the wounding response. Overexpression of active NICD allowed the corneal epithelial cells to respond to wounding more rapidly and promoted an earlier and quicker cell proliferation response by the transgenic cornea, as compared to the WT cornea epithelium.
The Notch signaling pathway is critical for cell fate decisions during development and wound healing [6] . Activation of Notch signaling in keratinocytes is sufficient to cause cell cycle withdrawal and trigger terminal differentiation [13] . Interestingly, overexpression of active NICD in corneal epithelium in vivo did not cause significant Figure 5 . Upregulation of Notch1, Hes1, and Hey1 during wound healing response in WT mice. Rea-time qPCR analysis of Notch1, Hes1, and Hey1 mRNA expression performed in WT cornea tissues collected from no-injured corneas and corneas at 0, 3, 6, 12, 18, and 24 h following injury. Each bar represents average±SD of 4 independent experiments. Two-tail t-test: **p<0.005 and *p<0.05. n=4. abnormality in corneal epithelial proliferation and differentiation under normal physiologic condition. However, the enhanced Notch activity efficiently promoted the corneal wound healing by stimulation of a rapid early cell proliferation. This finding was in agreement with previous studies showing that inhibition of Notch activity in mice significantly delayed the healing of dermal wounds, and activation of Notch activity in vivo boosted wound repairing [14] . Our data suggest that Notch signaling plays a beneficial role in corneal epithelial debridement wound healing by increasing transient cell proliferation.
The mechanism by which Notch contributes to cell proliferation remains elusive and Notch displays dichotomous functional activities, promoting both proliferation and growth arrest. It has been reported that activation of Notch signaling in keratinocytes is sufficient to cause cell cycle withdrawal through the induction of p21 and promote the entry of terminal differentiation in the intermediate epidermal layers [13] . However, the effects of Notch on cell proliferation appear to be dependent on tissue and dosage. In the corneal wound model, Hes1 expression has been associated with the cell proliferation activity in vivo, while overexpression of Hes1 in a 3D corneal culture model was shown to suppress cell proliferation [7] . Moreover, dose-dependent induction of distinct phenotypic responses to Notch pathway activation was observed in mammary epithelial cells [15] . The expression of a constitutively active NICD was found to induce two distinct types of 3D structures of MCF-10A mammary epithelial cells: large, hyperproliferative structures and small, growth-arrested structures with reduced cell-tomatrix adhesion [15] . High Notch activity caused downregulation of multiple matrix-adhesion genes and inhibition of proliferation, whereas low Notch activity maintained matrix adhesion and provoked a strong hyperproliferative response. In cornea wound healing model, we observed the induced Notch1 activity associated with cell proliferation activity in the cornea epithelium, indicating that Notch1 plays an important role in inducing corneal epithelial cell proliferation. However, overexpression of NICD does not affect the normal corneal epithelial proliferation, suggesting that other wounding response factors may contribute to the sensitivity of cells responding to Notch activity.
